Summary. The travel times of reflected and refracted arrivals observed on variable angle seismic profiles can be inverted to produce a first approximation to the variation of seismic velocity with depth. A method is discussed for deducing the interval velocity above a reflector by finding the best match between the observed variable angle reflection travel times and those derived by ray tracing through a series of trial models. Further constraints can be placed on the rate of change of velocity with depth by consideration of the amplitudes of both reflections and refractions. Synthetic seismograms calculated by the reflectivity method demonstrate that different kinds of velocity structure in the oceanic volcanic basement layer produce characteristically different variations of amplitude with range. In particular, the exact nature of the shear wave velocity transition at the top of the basement has a marked effect on the compressional wave reflection amplitudes. Pre-critical reflection amplitudes are seen to be generally more sensitive to the velocity structure at the sediment-basement interface than are postcritical reflections, whilst head wave amplitudes are strongly dependent on the velocity gradient in the upper part of the basement.
Introduction
The availability of highly repetitive marine seismic energy sources such as airguns and electrically detonated explosives allows the routine acquisition of variable angle reflectionrefraction profiles from which detailed information about the seismic velocity structure of the upper oceanic crust can be deduced. The small distance between adjacent shots allows individual phases of both reflections and refractions to be traced across the record even when they are not the first arrivals or are only present over short distances.
Travel times of reflected arrivals on variable angle airgun disposable sonobuoy profiles have been widely utilized to measure the seismic velocity structure of sediments (e.g. Houtz, Ewing & Buhl 1970; Naini & Leyden 1973; Hamilton et al. 1974; White & Klitgord 1976) . Refracted phases have also yielded detailed information about the velocity structure of the upper oceanic crust (e.g. Houtz et al. 1970; Talwani, Windisch & Langseth 1971; Houtz & Ewing 1976) . Unfortunately, it is rarely possible to distinguish from travel times alone between models of the variation in seismic velocity with depth which comprise uniform velocity layers and those with velocity gradients. Additional information which may help resolve the structure is, however, available in the amplitude and waveform shape of seismic arrivals although the amplitudes on variable angle profiles have hitherto largely been neglected. The amplitudes of seismic waves are dependent not only on the compressional (P), and shear (S) wave velocities, the densities and the absorptivities of the media, but are also modified by interference between reflected or refracted phases produced by both sharp interfaces and by velocity gradients.
Section 1 of this paper discusses methods of deducing the seismic velocity structure from travel times alone and then considers the further constraints that amplitudes impose by illustrating synthetic seismograms produced by a variety of different types of velocity structure. The seismic velocities and layer thicknesses used in the models are chosen to be similar to those found from the variable angle experiment over oceanic crust which is discussed in Section 2. The models are also representative of the general form of seismograms produced elsewhere by the reflection off the oceanic volcanic layer (layer 11), where it is buried beneath sediment.
Section 2 uses the travel times and amplitudes recorded on airgun and explosive variable angle seismic profiles shot over the Madeira abyssal plain in the North Atlantic from RRS Shackleton in 1973 to construct a detailed model of the upper crustal seismic velocity structure.
Theoretical background
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Previous methods
The interval velocity of the layer above a reflector can be found from the root mean square (rms) velocity of variable angle reflections (Dix 1955) . if the bending of rays by refraction at overlying interfaces is ignored, the rms velocity may be measured from the gradient of a least-squares straight line fit through the arrivals on a t2-xZ plot, where f is the reflection travel time at a source-receiver separation of x.
When reflections at large offsets are observed (e.g. mantle reflections in Ewing & Houtz 1969 ), Dix's approximation is poor. To alleviate this problem, LE Pichon, developed an iterative procedure which progressively removes the travel times and offset distances in the overlying layers from the observed wide angle reflection travel times. Oceanic upper crustal structure 685 The resultant residual values of t and x more nearly satisfy the criterion of small offsets and can be used to derive the rms velocity with little error. Small constant dips in the reflector can be allowed for in the calculation. Unlike Dix's simple formulation, interval velocities calculated in this manner are subject t o accumulated errors in the velocities and dips of all the overlying layers. Kennett (1977) has developed an extension of the 'tau' method of Bessonova et al. (1974) , which allows extremal bounds based on the probable errors in the measured travel times to be placed on the velocity-depth distribution in the region from which waves are reflected. The method assumes flat-lying, laterally homogeneous layers above the reflecting zone and is most suitable for investigating deep reflections such as those produced by the MohorovoEib discontinuity beneath continental crust.
Exact geometric ray tracing
A new method of deducing interval velocities from the travel times of variable angle reflections by comparison with the travel times of rays traced through a series of trial models is reported below. The main advantage of this technique over those based on t2-x2 fits is that reflections at arbitrarily large ranges can be handled. A similar approach was first suggested by Satlegger (1966), but in his method the dip of each layer was considered as an unknown. Extra dip information is available to us from normal incidence reflection profiles.
The interval velocity of the layer under investigation is iteratively adjusted until the theoretical reflection travel times calculated by ray tracing through the model best agree with the observed travel times. Only one layer can be optimized at a time, it being assumed Source Sono buo y s 686 R. S. White that the seismic velocities, thicknesses and dips of all the overlying layers have been previously found. The dip and depth of the reflector is determined for each trial velocity from the normal incidence travel times T, and beneath the source and the receiver respectively measured off a coincident continuous seismic reflection profile (see schematic diagram of ray paths in Fig. 1 ). Each interface is assumed to be uniformly dipping, but this does not usually prove to be a severe restriction because the actual reflection point (marked 'P' on Fig. 1) only vanes by half the maximum source-receiver separation at the sea surface.
Equations for the geometrical construction of the ray paths, allowing for refraction by Snell's law at all the overlying interfaces, are given by Limond & Patriat (1975) and are not repeated here.
At each range xi the difference in travel time Ati is calculated between the observed, to, and the calculated, t, travel times:
( 1 )
Unlike a normal least-squares fitting routine we do not choose initially to minimize the variance of the travel times, var(t). If for any reason the specified depth of the reflector is slightly in error, the curve with the minimum variance may have a markedly different curvature to that of the data points, because it is constrained by the ray tracing process to go through the two-way travel time at zero offset (e.g. see the dashed line, curve 'A', in Fig.  2 ). This results in erroneous estimates of the layer thickness and interval velocity which for the particular example shown in Fig. 2 are over 10 per cent too high for an error in two-way travel time at normal incidence of +0.3 s. It is highly likely that the normal incidence travel time will be slightly in error, although not usually by so much as 0.3 s. Discrepancies arise because the variable angle reflections frequently cannot be traced back to exactly zero offset, partly because the reflectivity of interfaces usually tends to decrease as the angle of incidence becomes smaller (see, e.g. Figs 6 and 9), and partly because there is normally a delay between launching a sonobuoy off a moving ship and the time when useful seismic arrivals cease to be submerged in ship-generated noise. The travel time to the reflector is therefore picked off a separate continuous seismic profile with different frequency response and noise characteristics to the sonobuoy, making it probable that small differences should arise in the absolute travel times at normal incidence.
We therefore choose to minimize the variance of the calculated errors in the travel times, var(At), thus producing a best-fitting curve which is parallel to the data points, although it does not necessarily pass through them (curve 'B' in Fig. 2) . The variance, var(At), can be readily found for each trial velocity from the measured differences in travel time at each data point:
where n is the total number of data points.
The mean difference in travel times between the best-fitting curve 'B' and the data points may be used to adjust the two-way travel time at normal incidence and then to recompute the curve which yields the minimum variance, var(At). This process is iteratively repeated until the variance of both the travel times, var(t), and of the travel time errors, var(At), is minimized (curve 'C' in Fig. 2) . As with all surface measurements only the horizontal component of the velocity is found (Levin 1978 ). This may be markedly different from the vertical velocity which should strictly be used to compute depths from the normal incidence reflection travel times.
Oceanic upper crustal structure
DISTFlNCE ( K M -1   I  I  I  I  I  I  I  I~ I  i  I  I  1  '  1   1 , where it is buried beneath sediment under the Madeira abyssal plain, in the North Atlantic. Data points (crosses), are from sonobuoys 2 and 6 combined on the 'Aquaflex' profile discussed in Section 2. Curve 'A' (dashed line), which is clearly a poor fit to the data, was generated by minimizing the variance of the reflection travel times, var(i), assuming a two-way travel time to the reflector at normal incidence which is 0.3 s too great. Curve 'B' (solid line), is the theoretical curve calculated such that the variance of the differences in travel times var(At), between the theoretical and observed travel times is minimized. This describes a curve parallel to the data points but with an offset of 0.3 s. Curve 'C' (dotted line), is the final best-fitting curve found with the same criterion as curve 'B', but with the two-way travel time at normal incidence adjusted to minimize the mean of the travel-time errors.
Sources of errors
Random errors will occur, even in otherwise perfect data, in the picking and digitization of arrivals. In general, these random errors have a minor effect on the final velocity (Houtz et al. 1970; Limond & Patriat 1975) . More importantly, systematic errors may be introduced, for example, through using an incorrect value for the sea-water velocity or the water depth in calculating the range. Where errors are introduced into just one layer Limond & Patriat (1975) , have shown that they tend to be averaged out in the next one and that velocities calculated for succeeding layers are only very slightly affected.
Mis-correlation of phases due to interference with waves reflected or refracted by other interfaces is responsible for the biggest errors in the travel times. Even in the absence of other reflectors, however, the waveform and phase of a reflection varies with the angle of incidence, particularly as the reflection becomes supercritical (see, e.g. Figs 6 and 7). Interference between the head wave and the parent reflected wave also occurs in the vicinity 688 R. S. White of the critical distance (see, e.g. Figs 7-9). There is thus a danger of introducing errors into the travel times when tracing phase correlations beyond the critical distance, especially if the commonly adopted variable density display which shows only the positive or the negative part of the waveform is used.
Velocity gradients
The ray tracing method assumes a model consisting of constant velocity, homogeneous layers. Not surprisingly, real Earth materials, and particularly the sedimentary sections through which reflections almost invariably pass, exhibit seismic velocity gradients which we approximate by a linear relation of the form V, = V,, t az
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( 3 1 where V, is the instantaneous P-wave velocity at depth z beneath a horizon with velocity A comprehensive summary of velocity gradients in non-calcareous, turbiditic and terrigenous materials is given by Hamilton er al. (1974) , based on variable angle reflections from sonobuoys in the Bay of Bengal, Bering Sea, Japan Sea and North Pacific. They report a regression equation which predicts a decrease in the average linear velocity gradient from about 1.3/s at the surface to 0.8/s at a depth of 1 km.
To test the magnitude of errors introduced by velocity gradients into the velocities predicted by the variable angle travel-time inversion program, synthetic reflection travel times were generated from a model with a velocity structure which increased continuously with depth in the way suggested by Hamilton et al. (1974) . Interval velocities computed by the program using the synthetic data are only 1 or 2 per cent higher than the true mean velocity at vertical incidence. The error increases as the maximum range of the variable angle reflections increases, but since the greatest distance to which sub-bottom wide angle reflections can be traced is limited to the range at which they become contaminated by interference with the seafloor reflected wave, calculated interval velocities are in practice little perturbed by the velocity gradient. The instantaneous velocity structure may be approximated by plotting the interval velocities at the depth corresponding to the mid-point of each layer and drawing a curve through these points.
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First arrival refracted energy observed on variable angle profiles yields information about the deep crustal structure which complements the shallower velocities derived from reflections. Second arrival correlations may also be utilized, although care must be taken to exclude the possibility that they are artefacts caused by constructive interference between other arrivals. The classical way to deduce the velocity structure is to compute least-squares fits to segments of the data, thereby producing a solution comprising uniform, homogeneous layers (Ewing 1963) . Alternatively, the travel times at different ranges may be considered as lying on a smoothly varying curve which can be inverted to yield an equally smooth velocity-depth profile. Allowance for the probable errors in the arrival times permits estimation of the extremal bounds within which the true velocity-depth distribution must lie (Bessonova etal. 1974; Kennett 1976; Kennett & Orcutt 1976; Kennett etal. 1977) .
The actual variation of seismic velocity with depth in the uppermost oceanic crust probably lies somewhere between the two extremes of a stepwise increase modelled by uniform layers and a completely smooth structure. Unfortunately, the difference in travel times between models with uniform layers and with velocity gradients is so small that it is usually impossible to resolve due to the inherent inaccuracies of the measured travel times. Amplitudes of refracted waves are, however, very sensitive to the velocity gradient and, as shown below, further constraints on the permissible velocity structure may be furnished by synthetic seismogram studies.
F A C T O R S A F F E C T I N G SEISMIC R E F L E C T I O N A M P L I T U D E S
Factors which affect the amplitude of a seismic reflection recorded by a sonobuoy can be divided into three main categories (O'Doherty & Anstey 1971; Sheriff 1975; Smith 1977) . The first type consists of factors under the control of the experimenter, such as: (1) the source waveform, (2) the receiver response and directionality, and (3) the recording and replay instrumentation response. Secondly, there are 'geological' effects caused by the physical properties and reflector configuration of the material through which the seismic signal passes. These can be characterized by: (4) geometric spreading, (5) focusing and defocusing, (6) absorption, (7) waveform interference between different phases, (8) the reflection coefficient of the reflecting horizon and (9) interface transmission losses. Finally, (10) the background noise of both electrical and mechanical origin will be superimposed on the seismic signal.
Our aim is to extract from the seismic records the information relating to the geological structure and, in particular, to characterize the variation with depth of the seismic velocity. The control of the geology on the observed waveform (factors (4) to (9) above) is discussed below in more detail with the aid of synthetic seismograms. There is little that can be done about background noise, other than to minimize it by careful design of both the mechanical parts of the system such as the hydrophone suspension and the electronics that are used to record and reproduce the signal. It is usually possible to increase the signal/noise ratio by the simple expedient of increasing the energy of the source, although there is often a trade-off between the increased seismic amplitude and the concomitant increased length of the source waveform w h c h may cause a reduction in the resolving power. The production and detection of the seismic signal (factors (l), (2) and (3)), can be varied to suit the particular requirements of the experiment. For example, the limited frequency bandwidth of the recording and replay equipment modifies the detected waveform (see, e.g. Smith 1975 , for illustrations of the effect of the limited frequency response of the recording equipment on a theoretical airgun signature). In marine seismic experiments utilizing a near-surface source and/or receiver the waveform becomes strongly dependent on the angle of incidence due to interference with the wave reflected from the almost perfect sea surface reflector. As this paper is concerned with variable angle profiles, we consider below in detail the marked amplitude variations that are introduced artificially at the source and the receiver.
I Receiver directionality
The Cambridge internally recording sonobuoys used as receivers in the experiment described in Section 2 have a single hydrophone suspended 60 m beneath the sea surface.
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Other types of radio sonobuoys are designed with different hydrophone depths (e.g. disposable sonobuoys type ULTRA SB6E4 and AN/SSQ41 have a choice of either 19 or 9 1 m). A 40 m long neutrally buoyant section is incorporated in the Cambridge sonobuoys to decouple the hydrophone from wave motion. Small inaccuracies in balancing the neutrally buoyant section are unlikely to lead to errors in the depth of the hydrophone of more than a few metres because drift of the sonobuoys tends to keep the neutral section approximately horizontal (Purdy 1971) . The amplitude of a continuous sine wave of frequency f Hz impinging on the hydrophone from below at an incident angle 0 from the vertical is modified by interference with the sea-surface reflection by a term
where H is the depth of the hydrophone beneath the sea surface and V is the seismic compressional wave velocity in the seawater.
The polar response of the Cambridge hydrophone calculated from equation (4) at typical seismic frequencies of 10 and 20 Hz is depicted in Fig. 3 . At 20 Hz, which is the dominant frequency of the 'Aquaflex' used as a source in the experiment described below, the reponse is flat for angles of incidence up to nearly 30'. ('Aquaflex' is a trade name of Imperial Chemical Industries Ltd.) Fortunately, this is sufficiently large to encompass most sub-bottom arrivals. When the signal impinging on the hydrophone comprises a discrete wave packet with a relatively high frequency, the initial part of the waveform will arrive before the interfering sea surface reflections. Near normal incidence with a 20 Hz signal, the first 1% cycles will arrive before the wavefront of the disturbance has traversed the distance to the sea surface and back to the hydrophone.
An alternative way of illustrating the effect of the hydrophone on a continuous incident waveform is as frequency response at various angles of incidence (Fig. 4) . At incident angles typical of sub-bottom arrivals (0 to 30"), the hydrophone configuration acts as a filter, with maximum response to frequencies near 7 and 20 Hz, but with very little sensitivity to frequencies close to 13 and 27 Hz.
Source directionality
Energy sources which can be considered as emanating from a point, such as airguns and conventional explosives, produce a spherically symmetric wavefront which is modified by interference with the sea surface reflected phase in the same way as described by equation (4). The variable angle profiles analysed for variations in reflection amplitudes in Section 2 were obtained using 'Aquaflex' as a source. 'Aquaflex' is a line explosive up to 100 m in length detonated about 10 m beneath the sea surface (as diagrammatically illustrated in Fig.  5 (a)), and therefore produces a waveform which varies strongly with azimuth. The disadvantages of the lack of spherical symmetry are compensated by the high repetition rates that can be achieved and by the short total duration of the seismic waveform (e.g. typically less than 0.2 s as shown in Figs 17, 18 and 23) .
Maximum amplitudes occur in near-vertical downward propagating waves due to addition in phase of contributions from each segment of the source. Amplitudes of near-horizontal R. S. White rays are much smaller. Constructive interference causes the energy in the far-field pressure waveform beneath a 100 m length of 'Aquaflex' containing only 3 kg of explosive to be equivalent to that produced by about 30 kg of 'Geophex' detonated conventionally in a lump (Bendix 1968; Blundell & Parks 1971) . Limond (1972) , has shown that the angular amplitude distribution of a line source can be calculated by summing the contributions from infinitesimal segments. Modulation of the characteristic amplitude spectrum of each segment is described by the expression Lobes in the high-frequency response are caused by interference of the primary pulses with the phase inverted and delayed waveform which has been reflected by the sea surface. The combined effect of the 'Aquaflex' source directionality and the hydrophone response is to emphasize strongly frequencies near 20 Hz, but to filter out by destructive interference energy produced at higher and lower frequencies.
Unfortunately the shape of the waveform produced by 'Aquaflex' is unknown and there have been few experimental measurements under controlled conditions. The pressure waveform has a sharp initial pulse produced on detonation, followed by bubble oscillations. It is difficult to predict the bubble pulse frequency theoretically in the way possible with airguns (Ziolkowski 1970) , and with conventional explosives (Fowler 1976a, b) , because it is not known whether the initially cylindrical bubble breaks up into smaller ones. The only recourse is to choose a typical frequency for synthetic seismogram modelling. Observed frequencies of about 20 Hz are in agreement with frequencies obtained by spectral analysis of the waveform produced by 'Aquaflex' detonated 10 m below the surface (Bendix 1968).
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Synthetic seismogram method
Synthetic seismogram studies of the oceanic basement show that models with first-order discontinuities produce grossly different amplitudes from those with velocity gradients, even though the models may be indistinguishable on the basis of their travel times alone. A series of models which exhibit the effect of varying the velocity structure in the oceanic basement are discussed below. In order to keep the synthetic seismograms as simple as possible so that the contribution of different structures can be readily assessed, only the reflection and refraction waveforms produced by the oceanic basement are illustrated. In a real seismic profile, energy reflected from the seafloor and from interfaces in the sediment and below the basement might interfere with the basement reflection.
The representative models all use the same structure above the basement, taken from the results of the variable angle experiments over the Madeira abyssal plain reported in Section 2. A 5.26 km thick water layer with a mean velocity of 1.517 km/s overlies a 0.95 km thick sediment layer with a P-wave interval velocity of 2.07 km/s. Changes in the velocity of the sediment layer cause the critical distance to alter but do not change the general form of the seismograms resulting from the various basement velocity structures.
Densities for the synthetic seismogram models were derived from the P-wave velocities using an empirical relationship based on laboratory measurements on a variety of sedimentary rocks (Gardner, Gardner & Gregory 1974) :
where p is the density in kgm-3 and V, the P-wave velocity in km/s. Although different rock types, and particularly the oceanic basement, will have densities that are not predicted exactly by this relationship, the error is small and the synthetic seismograms are not, in any case, very sensitive to small changes in the densities.
Where the S-wave velocity has not been explicitly defined in the models, it has been derived from the P-wave velocity assuming, for simplicity, a perfectly elastic medium with a Poisson's ratio of 0.25. For an isotropic medium, the relationship between Poisson's ratio and the P-and S-wave velocities is An artificially generated, spherically symmetric source wavelet with a dominant frequency of about 7 Hz has been used in all the models. This frequency is typical of that produced by the bubble pulses of explosives, and with a hydrophone depth of 60 m beneath the sea surface, the receiver response is approximately flat for angles of incidence from 0 to 40' (Fig. 4) . Thus the variations with range of the synthetic seismogram basement reflection amplitudes are controlled largely by the parameters of the model rather than by the receiver directionality.
The synthetic seismograms (Figs 7, 8 and 11-13) were calculated using the reflectivity method (Fuchs & Muller 1971) , modified for the marine case (Fowler 1976a) , and with the effect of attenuation modelled by a complex velocity distribution (Kennett 1975a) . The method calculates the complete response, including all multiple reflections and interconversions, of a stack of plane, homogenous and isotropic layers above a half-space. Rays are traced through the overlying source and receiver zones with allowance for amplitude loss by geometric spreading, transmission, reflection and absorption losses but without considering any multiple paths (Kennett 1975b ). In our examples, the top of the reflectivity zone has been taken just below the water-sediment interface so that the complete seismic waveform returned from the basement is included. Velocity gradients are modelled by a large number of thin, homogenous layers. A phase velocity window of 2.07 to 150 km/s has been adopted for calculation of the synthetic seismograms. The high upper limit ensures that the seismograms at short ranges are well modelled (Stephen 1977) , although even so the amplitudes of basement reflections at less than 2 km range are not accurately represented.
Uniform velocity basement: variation of reflectivity with angle of incidence
For an interface separating two uniform half-spaces the variation of reflection coefficient with angle of incidence can be derived analytically from Zoeppritz's equations. Fig. 6 shows the variation of P-wave reflection coefficient for an incident P wave calculated from our basic model with P-wave velocities of 2.07 and 4.40 km/s in the upper and lower halfspaces respectively and various uniform S-wave velocities from 0 to 3.0 km/s in the lower half-space. 
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Figure 6. Upper diagram depicts variation of phase and lower diagram shows variation of amplitude with angle of incidence for an interface separating two homogenous half-spaces (from Zoeppritz's equations). Incident and reflected P-wave energy is considered. The upper medium has a P-wave velocity of 2.07 km/s and an S-wave velocity of zero. The lower half-space has a P-wave velocity of 4.40 km/s and variable S-wave velocity shown by different curves for cases of 0, 1.0, 1.5, 2.0, 2.5 and 3.0 km/s. There is no absorption of P or S waves in either medium. The critical angle between P waves in the upper and lower layers, Opp = 28.1'. Notice that as the S-wave velocity increases in the lower half-space the amplitude high at the P-wave critical angle almost disappears and becomes overshadowed by the amplitude increase at the critical angle Ops between the incident P and the converted S waves.
At normal incidence (O"), the P-wave reflection coefficient Rpp (0) is independent of the S-wave velocities or the absorptivities on either side of the interface:
where p and Vp are as previously defined. Values above the interface are denoted by subscript 1 and those below the interface by subscript 2 .
When the S-wave velocity in the lower half-space is zero (solid line in Fig. 6 ), the reflectivity increases as the angle of incidence increases until it reaches a maximum at the P-wave critical angle @p(= sin-' GvPl/Vpz), and stays at unity thereafter. The phase of the reflected P wave is the same as that of the incident wave until the critical angle Bpp is reached, after which it changes approximately linearly with angle of incidence until it becomes exactly 180' out of phase at grazing incidence.
As the S-wave velocity in the lower medium is increased, some energy converts from the incident P wave into S wave at the interface (broken lines in Fig. 6 ). While the S-wave velocity below the interface remains low (e.g. 1 .O km/s) in comparison with the P-wave velocity in the upper medium (2.07 km/s), most of the conversion to shear waves occurs at fairly large angles and the reflection amplitude remains high beyond the critical angle Bpp. Increasing the S wave in the lower layer makes it more favourable for the incident P wave to convert to transmitted S wave at the interface, the best coupling occurring where the two velocities are equal (GI = KZ). For example, the curve for an S-wave velocity of 2.0 km/s in the lower half-space (Fig. 6 ) , shows that the amplitude drops to zero at about 4 5 ' angle of incidence, although an increase near the P-wave critical angle Bpp is still apparent.
When the S-wave velocity in the lower half-space is greater than the P-wave velocity in the upper medium the reflectivity stays generally low until the critical angle Bps(= sin-' I$,/&,), is reached between the incident P wave and the converted S wave. Only a very slight increase of amplitude occurs at the P-wave critical angle Bpp, the abrupt increase to unity reflectivity at Bps dominating the curve (e.g. dotted curve for K2= 3.0 km/s on Fig.   6 ). The behaviour of the phase of the reflected P wave is similar for all values of V,, in the lower medium in so far as no phase change occurs for angles less than Opp, and 180' inversion is reached at grazing incidence. When the S-wave velocity K2 is higher than GI, however, the phase of the reflected wave changes by more than 180' with respect to the incident wave for some angles of incidence (Fig. 6 ) .
No curves showing the effect on the reflection coefficient of the introduction of absorptivity have been illustrated as this only makes minor differences for the velocity contrasts we are considering. The main result of using reasonable values of absorptivity (from Hamilton 1972 Hamilton , 1976a is to cause the abrupt increase of reflectivity near the critical angles to become slightly less steep, but the overall shape of the curves remains qualitatively the same.
Uniform velocity basement: full wave response
The variation of amplitude with range of a wavelet reflected off a uniform velocity halfspace is more complicated than that depicted by the theoretical curves of reflectivity ( Fig.  6 ), due to interference between the reflected phase and the head wave in the vicinity of the critical distance. The synthetic seismogram (Fig. 7 ) produced by a model of the basement with uniform P-wave velocity and zero S-wave velocity shows that the maximum reflection amplitude occurs 1.5 km beyond the ray-theoretical critical distance (marked by xpp on Fig. 7) . If the source frequency is increased, the maximum reflection amplitude moves closer to the geometric ray theory critical distance, whilst decreasing the frequency has the opposite effect (terveng 1967) . At a dominant frequency of 20Hz, typical of the 'Aquaflex' profiles, the peak amplitude is offset just under 1 km beyond the critical distance. It is important to allow for this effect if the range at which the maximum reflection amplitude is observed is used as an indication of the seismic velocity beneath an interface.
The magnitude of the offset is also dependent on the depth of the interface and on the velocity contrast (terveng 1967). In general, shallower reflector depths and smaller velocity contrasts lead to greater offsets. For models of the MohorovoAh discontinuity beneath continental crust the offset may be as large as 10 to 50 km for normal seismic frequencies (Braile & Smith 1975) .
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The phase change of the reflected energy (r), with respect to the incident wave beyond the critical distance x p p results in a progressive decrease in relative amplitude of the first positive peak (towards the left on the synthetic seismograms) compared to subsequent wiggles of the waveform. By 15 km range the positive peak has almost disappeared leaving a negative-going peak as the first arrival (Fig. 7) , mirroring the phase change predicted by Zoeppritz's equations (Fig. 6) . 
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Figure 7. hydrophone 60 m beneath the sea surface produced by a model with a uniform P-wave velocity of 4.40 km/s in the basement but zero S-wave velocity and no absorption everywhere. (Velocity structure is illustrated in Fig. 7(a) .) Source wavelet has a dominant frequency of 7 Hz. Solid lines show travel times of basement reflection 'r' and compressional head wave 'p'. 'x ' is the ray-theoretical critical distance of the P wave in the sediment layer which passes into a P wave in the basement. Notice that the maximum reflection amplitude occurs about 1 .S km beyond x p p due to interference betweeen the reflected and the head waves. Reduction velocity is 3 km/s.
P?
Downloaded from https://academic.oup.com/gji/article-abstract/57/3/683/682535 by guest on 22 April 2019
Introduction of a uniform S-wave propagation velocity into the basement layer considerably modifies the reflected P wave as conversion from P wave to S wave occurs at the sediment-basement interface. With a uniform S-wave basement velocity of 2.54 km/s (derived from the P-wave basement velocity assuming a Poisson's ratio of 0.25), the reflected Figure 8 . Uniform P-wave and S-wave velocity basement. Synthetic seismogram of pressure response at a hydrophone 60 m beneath the sea surface produced by a model with a uniform P-wave velocity of 4.40 km/s and an S-wave velocity of 2.54 km/s (Poisson's ratio = 0.25) in the basement. Absorption is zero everywhere. Solid lines show travel times of basement reflection, 'r', compressional head wave 'p', and shear head wave converted at the top of the basement, 's' (velocity structure is illustrated in Fig.   8(a) ). x p p is the ray-theoretical critical distance of an incident and refracted P wave and x p s the raytheoretical critical distance of an incident P wave which is converted to an S wave at the sedimentbasement interface. Notice that there is an amplitude minimum near the compressional wave critical distance x p p (compared with maximum in Fig. 7) , and that the amplitude maximum is offset about 1.5 km beyond the converted shear wave critical distance xps. Reduction velocity is 3 km/s. 24 698 R. S. White amplitudes remain low until the converted shear wave critical distance, xps is reached (Fig.  8 ). In particular, the amplitude minimum occurs at about 7 km range which is close to the critical distance x p p and is just where the maximum amplitude is found if only the P waves are considered (as in Fig. 7) . Interference between the reflected wave 'r' and the converted shear head wave 's' causes the maximum amplitude to be displaced 2.5 km beyond the critical distance xps (Fig. 8) . The 2.5 km offset near xps is greater than the 1.5 km offset near x p p noted in Fig. 7 due to the smaller contrast between V,, and 5, than between 6 , and 5,.
Although there is very little energy reflected off the basement layer at the P-wave critical distance xpp, the compressional head wave 'p' is greatly enhanced (Fig. 8) , compared to the head wave formed when shear waves are neglected (Fig. 7) .
Synthetic seismograms constructed for a series of different S-wave velocities in the basement show that the variation of reflected amplitude with range is similar in shape to the ray-theoretical curves of Fig. 6 , except that the maxima are displaced beyond the critical Oceanic upper crustal structure 689 distances (marked by smdl crosses), due to interference. Geometric spreading causes the amplitudes of the reflections to decrease as the range increases.
Uniform P-wave velocity basement: S-wave transition zone
Real geological structures rarely contain sharp interfaces separating layers with uniform seismic properties. More commonly there is a transition zone over which the physical properties change gradually with depth. This is even true of the oceanic basement. The abrupt change in seismic properties which might be expected passing from sediments into the volcanic rocks of the basement is tempered by weathering and fracturing of the volcanic layer near its upper surface. Although the Poisson's ratio of oceanic basement is not usually grossly different from 0.25, we do not observe amplitude minima caused by P to S conversion near the critical distance x p p as is suggested by the synthetic seismograms ( Figure 0. Amplitudes from uniform P-wave velocity basement with S-wave transition zone at op. Variation with range of maximum amplitude of the waveform reflected off a uniform P-wave velocity basement with a transition zone of variable thickness over which the S-wave velocity increases from 1.0 km/s at the sediment-basement interface to 2.54 km/s at depth. The wavelength of the incident P wave is 300 m. Ray-theoretical critical distances are marked at x p p and xps. Note that the S-wave velocity transition zone allows amplitude maxima to appear near both x p p and xps (compare with amplitudes from first-order discontinuities in S-wave velocity in Fig. 9 ). Parts of the two dotted curves have been omitted where the amplitudes were corrupted by numerical noise.
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The amplitude high near x p p can be retained by allowing the S-wave velocity in the basement to increase with depth from an initially low value at the sediment-basement interface. When the S-wave velocity gradient is small the resultant variable angle reflection amplitudes are indistinguishable from those produced by a model with a uniform low S-wave velocity in the basement which is equal to that at the upper interface (Fig. 10) . As the S-wave velocity gradient is increased until the thickness of the transition zone becomes comparable to a wavelength, a secondary amplitude peak near the critical distance xps is produced in the reflected waves. When the S-wave velocity gradient occurs over less than a wavelength, the (a) Seismic velocity ( k m s / s e c ) 
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D i s t a n c e (kms) Figure 11 . Gradient beneath a first-order discontinuity. Synthetic seismogram of pressure response produced by a model with a gradient in P-wave velocity of 0.751s beneath a first-order discontinuity (velocity structure illustrated in Fig. Il(a) ). Travel times of basement reflection 'r', and P-wave interference head wave refracted out of the velocity gradient in the basement, 'p' shown by solid lines. x p p is the ray-theoretical critical distance. Note the high amplitudes of the head wave which reach a maximum at 10.8 km, well beyond the critical distance. Reduction velocity is 3 km/s.
Oceanic upper crustal structure 70 1 resultant reflection amplitudes appear as a composite of the two curves produced by a uniform low S-wave velocity appropriate t,o that at the top of the basement and by a uniform h g h S-wave velocity appropriate to that at the base of the transition zone. Thus there are two prominent reflection amplitude highs (Fig. lo) , one near x p p and one near xps. Although the S-wave transition zone may be relatively thin, it is sufficient to allow an Figure 12 . Gradational upper basement interface. Synthetic seismogram of pressure response produced by a model with a gradient in P-wave velocity from the sediment to the basement which extends over 180 m, which is about half a wavelength (velocity structure is illustrated in Fig. 12(a) ). The raytheoretical critical distance is marked by x p p . Note the marked reduction in pre-critical reflection amplitudes compared to those produced by a first-order discontinuity (e.g. Figs 7 and 11). Reduction velocity is 3 km/s.
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Figure 12. Gradational upper basement interface. Synthetic seismogram of pressure response produced by a model with a gradient in P-wave velocity from the sediment to the basement which extends over 180 m, which is about half a wavelength (velocity structure is illustrated in Fig. 12(a) ). The raytheoretical critical distance is marked by x p p . Note the marked reduction in pre-critical reflection amplitudes compared to those produced by a first-order discontinuity (e.g. Figs 7 and 11). Reduction velocity is 3 km/s.
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amplitude maximum to appear near xpp whilst still permitting considerable conversion from incident P-wave to transmitted S-wave energy. \
Velocity gradient in basement
Amplitudes of the reflected waveform are dependent on the contrast of properties at the reflector, but are insensitive to velocity gradients, whether positive or negative, that are present beneath a first-order discontinuity (compare seismogram from the gradient model in Fig. I 1 with the uniform model in Fig. 7) . The velocity gradient does, however, have a marked effect on the amplitude of refracted arrivals, strongly enhancing them if the velocity increases downwards (forming an interference head wave), and reducing them to negligible amplitude if the velocity decreases downwards (forming a diffraction head wave). The maximum amplitude of the interference head wave may occur significantly beyond the critical distance, (e.g. at 10.8 km, some 3 km beyond xpp in Fig. 1 l) , unlike the pure head wave amplitudes which decrease monotonically with range. In general, smaller velocity gradients displace the head wave amplitude maximum to greater ranges.
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Gradational upper basement interface
When the first-order discontinuity at the sediment -basement interface is replaced by a transition zone over which the seismic velocities increase gradually, the pre-critical reflection amplitudes are greatly reduced. A velocity gradient which extends over a depth of about half a wavelength (e.g. Fig. 12 ), or more produces small pre-critical reflections, although the post-critical amplitudes remain similar to those produced by a first-order discontinuity (compare Fig. 12 with Fig. 7) . If the transition zone is less than about half a wavelength in thickness, the resultant synthetic seismogram cannot be distinguished from that produced by a first-order discontinuity. 
Laminated basement layer
If the basement comprises a stack of laterally uniform and continuous layers of alternately high-and low-velocity layers having appreciable thickness compared to the wavelength of the incident signal, the reflection amplitudes oscillate strongly as the range changes due to interference between waves reflected off different layers. Normally the seismic wavelength is considerably greater than the thickness of the laminae and the reflected wave amplitudes are almost the same as those produced by a uniform layer which has the same velocity as the geometric mean of the high-and low-velocity laminae (e.g. compare Fig. 13 with the uniform basement model in Fig. 7 ). Head waves from laminated transition zones have poorly defined onsets and very small amplitudes (Fuchs 1970 ).
D I S C U S S I O N
Synthetic seismogram studies indicate that provided the geometry of the source and receiver is well controlled the variation of reflection amplitude with range can provide a great deal of information on the velocity structure of strongly reflecting layers such as the oceanic volcanic basement. In general, the pre-critical reflection amplitudes are more sensitive to changes in the detailed nature of the transition from sediment to basement velocities than are the post-critical reflections, although it is impossible to resolve the fine structure of the transition zone if it is on a scale which is small compared to the wavelength of the incident signal. Similarly, if the basement consists of a stack of sufficiently thin laminations with alternately high and low seismic velocities, the overall response is indistinguishable from that produced by a uniform layer with a mean velocity which is the same as that of the laminated stack.
The maximum reflection amplitude is displaced beyond the ray-theoretical critical distance by an amount dependent on the velocity contrast and the depth of the interface and on the frequency of the seismic waveform. When there is a large change of seismic properties at a first-order discontinuity, conversion from compressional to shear wave energy may markedly reduce the reflection amplitudes near the P-wave critical distance, x p p , and move the peak amplitudes out to greater ranges beyond the S-wave critical distance, xps.
For reasonable values of the seismic velocities at the sediment-basement interface, conversion may even create a local minimum in amplitudes near the P-wave critical distance. Such drastic interference of converted S-wave energy with the P-wave reflection can be prevented by allowing the S-wave velocity to increase with depth over a transition zone, which may be considerably less than a wavelength in thickness. In practice, when synthetic seismograms are constructed from complicated models the reflected P-wave arrivals often form the dominant late-arrival energy so it is most important to choose the S-wave velocity structure carefully as it has a strong influence on the final record section.
Head wave amplitudes, unlike reflected waves, are very sensitive to velocity gradients within the reflecting layer. Although uniform velocity layers give pure head waves with very low amplitudes, only a small positive velocity gradient is sufficient to increase the refracted energy by an order of magnitude until they may even become comparable in size to the reflected amplitudes. The rate of change of head wave amplitude with range may be used to determine the magnitude of the velocity gradient, provided the absorptivity of the material is known.
2 Experimental results from variable angle seismic profiles over the Madeira abyssal plain Over the past 15 years the crustal structure beneath the oceans has commonly been considered in terms of a few thick, homogenous layers. Raitt (1963) , on the basis of a
I N T R O D U C T I O N
compilation of results from a large number of refraction profiles, divided the oceanic crust into three layers; layer 1, the 'sedimentary layer', with a compressional velocity of 1.5 to 3.5 km/s and highly variable thickness overlying layer 2, the 'volcanic layer', with a mean velocity of 5.3 f 0.6 km/s and, at the base, layer 3 , the 'oceanic layer', with a velocity of 6.7 2 0.30 km/s. This simple division has proved remarkably useful in characterizing the crustal structure beneath all the oceans.
More recently, and particularly since the widespread use of highly repetitive sound sources such as airguns routinely to collect detailed variable angle reflection-refraction profiles, it has become clear that Raitt's three-layer model is an oversimplification. In some areas a high-velocity basal layer 3B has been reported beneath the 6.7 km/s layer Sutton, Maynard & Hussong 1970; Kozminskaya & Kapustyan 1975) . It has also been found that layer 2 is not homogenous throughout its thickness. For example, Talwani (1977) , to suggest that observed head wave arrivals on marine seismic profiles may be adequately explained by a smoothly increasing velocity structure. Synthetic seismogram studies suggest that it is frequently necessary to insert velocity gradients beneath the major interfaces in order to model sufficient energy in the head waves (e.g. Fowler 1976; Helmberger 1977; Whitmarsh 1978; Spudich, Salisbury & Orcutt 1978) .
A variable angle seismic reflection-refraction experiment shot over the Madeira abyssal plain in 1973 provides excellent data for investigating the oceanic upper crustal structure by the techniques discussed in the first part of this paper. The experiment was conducted over an area with a flat seabed approximately 550 km south-east of the Azores near 34" N, 21"W (Fig. 14) . These profiles are particularly suitable for measuring the variation of reflection amplitude with range because the oceanic basement layer is here buried beneath about 1 km of acoustically transparent sediment. Consequently, the variable angle basement reflections are uncontaminated by shallower reflections off the seafloor or from within the sediment.
Our experiment was positioned over oceanic crust formed during the Cretaceous 'quiet zone' and consequently no magnetic seafloor spreading lineations can be recognized. However, well-defined anomalies younger than and including number 34 are found to the west (Pitman & Talwani 1972; Kristofferson 1978) , whilst lineations in the M-series have been reported by Hayes & Rabinowitz (1975) , off the African coast to the east.
The main variable angle seismic profile was shot into two free-floating, internally recording radio sonobuoys using 60 and 91 m lengths of 'Aquaflex' as a source. An average shot spacing of 0.3 km along the 35 km long line was achieved, although one-third of the shots failed to detonate. In order to minimize the effects of structural variation, the explosives were fired along a line subparallel to the structural strike inferred from the abovementioned magnetic anomaly trends. A normal incidence airgun reflection profile taken along the line of the 'Aquaflex' shots enabled computation of travel-time corrections for variations in the depth of the basement. Additional variable angle seismic profiles were obtained whilst reflection profiling nearby by deploying disposable sonobuoys. The rapid repetition rate of the airgun source gave detailed information about the upper crustal structure which complemented the deeper penetration 'Aquaflex' profiles.
B A S E M E N T DEPTH FROM SEISMIC REFLECTION PROFILES
Strong reflections off the top of the oceanic basement buried beneath a thick cover of acoustically transparent sediments are visible on all the normal incidence reflection profiles (e.g. Fig. 15 ). In detail, the basement reflection frequently comprises numerous small diffraction hyperbolae. On old crust such as this the acoustic basement often appears smoother than the volcanic basement due to the presence of highly reflective chert layers within the overlying sediment (Houtz & Ewing 1976 ). However, the small-scale irregularities in the reflector observed on our profiles, considered in conjunction with the variations in acoustic basement depth of more than 1 km and the evidence for the seismic velocity structure of underlying material (described below), suggests that the basement reflection is truly off the top of layer 2. On normal incidence profiles it is impossible to discern coherent reflectors beneath the top of the basement. The sediment overlying the basement contains weak reflectors which can rarely be traced long distances laterally. Post-depositional compaction causes originally horizontal sedimentary layers to sag downwards above basement lows (e.g. synclinal structure within the sediments can be discerned at 0300 to 0400 and 0500 to 0600 on Fig. 15 ).
A I R G U N P R O F I L E S : V E L O C I T I E S F R O M T R A V E L T I M E S
Before discussing the results of the main 'Aquaflex' profile we briefly report the upper crustal velocities derived from the travel times of disposable sonobuoy airgun profile 3 (see arrow on Fig. 14 for location) . A concomitant normal incidence reflection profile shows that the basement is flat over the length of the profile. Although the sub-bottom reflections could only be traced accurately to an offset of between 5 and 7 km, the high repetition rate of the airgun source ensured that from 100 to 150 points were available to constrain the shape of the variable angle reflection curve.
Strong variable angle reflections from the basement (labelled Sl in Fig. 16 ) yield an interval velocity in the sediment of 2.08 km/s and a thickness of 0.99 km. For clarity, only the first arrival travel times of every tenth shot are illustrated on Fig. 16 , but additional determinations of the velocity were also made using subsequent bubble pulse correlations. A much weaker variable angle reflection, marked B, on Fig. 16 , is produced by a horizon beneath the top of the basement. It cannot be traced into a reflector discernible at normal incidence and beyond a range of about 6 km it interferes with the basement reflection Sl. Inversion of the reflection arrival times from B1 suggests an interval velocity for the subbasement layer of about 4.0 km/s and a thickness of 0.6 km. The high repetition rate of the airgun allowed correlation of individual phases from shot to shot, whereas on the stronger, but more widely spaced 'Aquaflex' shots, it was impossible to distinguish arrival times from this interface.
Oceanic upper crustal structure
Wide angle reflections from the sub-basement horizon B1 (small circles on Fig. 16 ), can also be seen where they emerge ahead of the seafloor reflection (R1), beyond about 10 km range. Individual phases can only be correlated over segments of about 1 km because the signal/noise ratio is poor. Separate straight line least-squares fits of each segment suggest velocities of 4.4 to 4.7 km/s with a mean of about 4.5 km/s. At large ranges the slope of the wide angle reflection curves approaches the velocity of the overlying material, although it is always slightly higher; we conclude that the seismic velocity just above the basement reflector B1 is about 4.4 km/s.
A 600 m thick upper basement layer with a velocity gradient from about 3.9 km/s at the top to about 4.4 km/s at the base produces variable angle reflections (shown by dashed line in Fig. 16 ), which satisfy the travel times of both the small angle arrivals (dots), and the wide angle reflections (circles). It also produces the correct slope found from the short correlatable segments of the wide angle reflections. absorption in the sediment layer. As is apparent on the actual record sections (Figs 17 and 18), the basement reflection has a greater amplitude than the seafloor reflection, both on the primary profile (S, on the top line of Fig. 19) , and on the water multiple profile (the two possibilities for S2 on the middle line of Fig. 19 ). Perhaps the most surprising result is that of the three possible ray paths for the sediment multiple reflection Ss, shown on the bottom line of Fig. 19 , one particular mode (on the extreme right), produces an amplitude which has a greater magnitude than any of the other arrivals on the water multiple profile, including the path (S,) which has only bounced once in the sediment layer. This simple-minded amplitude analysis is verified by the record sections from the two sonobuoys (Figs 17 and IS), which confirm that the S; reflection has a very high amplitude beyond the critical distance. It is worth noting that at normal incidence the S; amplitude is markedly reduced by the lower reflectivity of the basement, and it becomes difficult to detect on the record sections. The increase in reflection coefficient near the critical angle is emphasized in the reflection amplitudes by the double bounce off the basement of the S; and S; arrivals, which thus provide a sensitive estimate of the critical distance. Travel times from both the primary (Sl) and the water multiple (S2) basement reflections give interval velocities in the sediment layer of a little over 2 km/s (Table 1 ). In general, the 708
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A head wave with a least-squares fit velocity of 5.22 f 0.18 km/s (crosses and solid line in Fig. 16 ): emerging tangential to the sub-basement reflection El represents the velocity of material immediately below El.
In summary, the basic picture of the crustal structure which emerges from consideration of the travel times of reflections and refractions from disposable sonobuoy 3 consists of a 1 km layer of sediment with a mean velocity of 2.08 km/s overlying oceanic basement. The P-wave velocity in the uppermost part of the basement varies from about 3.9 km/s at the top to about 4.4 km/s at a depth of 600 m. This immediately sub-basement layer may represent a remnant of an originally lower velocity layer 2A widely recorded on much younger crust by Houtz & Ewing (1976) . At the base of the layer there is a sufficiently abrupt increase of seismic velocity to produce variable angle reflections (horizontal El). The velocity just beneath El is 5.2 km/s, which is typical of layer 2B. Record section of radio telemetered variable angle seismic profile from sonobuoy 2 using 'Aquaflex' shots as sources (see Fig. 14 for location) . The seismic traces are true amplitude from 0 to 16 km, except that an increase of gain of 4 dB was applied to the signal at two-way travel times greater than 13 s to make the arrivals delayed by an extra bounce in the water layer of comparable amplitude to the primary arrivals. At ranges greater than 16 km the gain has been adjusted to emphasize the refracted arrivals. No other processing apart from band-pass filtering from 5 to 100 Hz was applied. The spikiness and loss of signal at large ranges is due to poor radio reception; the signals tape-recorded internally in the sonobuoy were not affected by this. Reflections from the seafloor ( R , ) , the basement (S,), and the ray path which has bounced twice in the sediment layer ( S ; ) , are annotated. See Fig. 19 for a schematic diagram of the ray paths. Arrivals delayed by an extra bounce in the water layer are denoted by subscript 2. P-wave refractions from layers 2 and 3 are indicated by 2 p and 3p respectively. Converted S-wave refraction from layer 3 is marked by 3,.
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' A Q U A F L E X ' P R O F I L E S : V A R I A B L E A N G L E R E F L E C T I O N T R A V E L T I M E S
Both the sonobuoys deployed on the 'Aquaflex' profile recorded strong variable angle reflections off the top of the basement (S, on the record sections in Figs 17 and 18) . The basement remains flat, at a depth of 0.95 km beneath the seafloor (7.85 s two-way travel time), for a distance of about 8 km south of the sonobuoys, enabling variable angle reflections out to a range of 16 km to be used to deduce the interval velocity of the overlying sediment. The flatness and the high reflectivity of the seafloor (measured as just below 0.3 from the reduction in amplitude caused by additional bounces in the water layer), mean that the signal/noise ratio of the basement reflection delayed by an extra bounce in the water layer (S,) is still high enough to be able to pick arrivals accurately.
The high reflection coefficients of the seafloor and the basement reflectors allows the wide angle basement reflection which has bounced twice in the sediment layer to have significant energy, especially beyond the critical distance (arrivals labelled S; on the primary record section and S; on the first water multiple illustrated in Figs 17 and 18) . A schematic diagram of the ray paths of these reflections is shown in Fig. 19 , together with the geometric ray theory amplitudes in brackets of the ray which impinges on the basement just beyond the critical distance (which is about 5 km). The amplitudes are normalized by the seafloor reflection R 1 and are calculated on the premise that the seafloor reflection coefficient is 0.3 (and hence the transmission coefficient is 0.9 l), and the basement reflectivity beyond the critical distance is unity. Allowance has also been made for geometric spreading and for absorption in the sediment layer. As is apparent on the actual record sections (Figs 17 and  18 ), the basement reflection has a greater amplitude than the seafloor reflection, both on the primary profile (S, on the top line of Fig. 19) , and on the water multiple profile (the two possibilities for S 2 on the middle line of Fig. 19 ). Perhaps the most surprising result is that of the three possible ray paths for the sediment multiple reflection S;, shown on the bottom line of Fig. 19 , one particular mode (on the extreme right), produces an amplitude which has a greater magnitude than any of the other arrivals on the water multiple profile, including the path (S,) which has only bounced once in the sediment layer. This simpleminded amplitude analysis is verified by the record sections from the two sonobuoys (Figs 17 and 18), which confirm that the S; reflection has a very high amplitude beyond the critical distance. It is worth noting that at normal incidence the S ; amplitude is markedly reduced by the lower reflectivity of the basement, and it becomes difficult to detect on the record sections. The increase in reflection coefficient near the critical angle is emphasized in the reflection amplitudes by the double bounce off the basement of the S; and S; arrivals, which thus provide a sensitive estimate of the critical distance.
Travel times from both the primary ( 4 ) and the water multiple (S,) basement reflections give interval velocities in the sediment layer of a little over 2 km/s (Table 1 ). In general, the Table 1 . Summary of interval velocities and thicknesses determined from variable angle reflections on 'Aquaflex' profde. The error estimate on the velocities is taken from the points where the standard deviation of the observed travel times is twice that at the optimum velocity (see Fig. 20 ). S, reflections define the velocity more closely than the water multiple S2 reflections, as shown by the steepness of the curves of standard deviation of the measured travel times versus trial velocity (Fig. 20) . The optimum velocities defined by the minimum of the curves are, however, in good agreement. At the best-fitting velocity, the standard deviation of the travel times is typically 0.04 to 0.05 s, which represents about one period of the 20 Hz 'Aquaflex' waveform. In reality the compressional velocity of the sediment increases with depth and the calculated interval velocity is only an average value. An estimate of the P-wave velocity at Graph showing the variation of the standard deviation of observed travel times from the calculated reflection times as the trial velocity is changed. The optimum velocity is that at the minimum of the curve and the ticks on the curves depict the points at which the standard deviation is double that at the optimum velocity. The data were taken from the basement reflection S, and S, of sonobuoys 2 and 6 combined on the 'Aquaflex' profile. Notice that the primary reflection S, defines the interval velocity more closely than the multiple reflection S,, although the optimum velocities of both are similar (2.07 and 2.12 km/s respectively).
the seafloor of about 1.6 km/s by comparison with empirical tabulations of measurements on silt-grade material from similar turbiditic abyssal plain environments (Hamilton 1970) is in agreement with the velocity predicted by substituting the observed reflectivity of the seafloor, of 0.29 k 0.10, into the equation for the Rayleigh reflection coefficient (equation If the compressional velocity of the sediment overlying basement is assumed to increase linearly with depth (equation (3)). a velocity gradient of about l . l / s is indicated by combination of the surficial velocity with the measured interval velocity. The instantaneous P-wave velocity of the sediment immediately above the basement is 2.65 km/s.
Weak wide-angle reflections off shallow horizons within the sediment can be discerned above the main basement reflector (Figs 17 and 18) . Velocity estimates using these arrivals are rather poor as specific reflections can rarely be traced very far. Calculated interval velocities do, however, support the assumption that the seismic velocity of the sediment increases with depth, although the velocity determinations are not sufficiently accurate to constrain the exact form of the velocity gradient. 
' A Q U A F L E X ' P R O F I L E : V A R I A B L E A N G L E R E F L E C T I O N A M P L I T U D E S
Direct evidence for the velocity structure within the uppermost basement material is provided by the variation with range of the basement reflection. Corrected reflection amplitudes measured off replays of the sonobuoy tapes are plotted in Fig. 2 1 for both the primary reflection S1 and the water multiple S2. It is difficult t o be certain of identifying the first wiggle of the basement reflection because it is a second arrival, so the maximum peak to peak amplitude which occurred within the first few cycles of the waveform was used. These amplitudes have been modified by interference with the sea surface reflection at the hydrophone, but for incident angles of less than 30" in the water layer (equivalent to 8 km range), there is little change in the receiver response for the dominant frequency of 20 Hz (Fig. 3) . Beyond about 7 km range the basement reflection is modified by interference with other arrivals and so the amplitude is unreliable in any case. It was not possible to document the shape of the variation with range of the sediment multiple reflections S; and S; because they are affected by interference with earlier arrivals. However, as previously noted, the increase in reflectivity near the critical distance results in a very rapid increase in amplitude of the twice reflected sediment multiple and the range over which high amplitude reflections are observed is indicated on Fig. 2 1 by broken horizontal lines.
Corrections have been made to the measured amplitudes for the 'Aquaflex' directionality (equation (5) and Fig. 5) , and for the decrease in amplitude caused by absorption within the sedimentary layer. A mean value for the P-wave quality factor, Q, of 110 was chosen as representative of the kilometre of sediment overlying the basement, based on compilations by Hamilton (l976a) , and assuming that the material is mostly silt grade. Neither of these corrections is very large over the range 0 to 8 km because the source azimuth remains between 0 to 30°, and the distance traversed by the waves in the sediment layer varies by less than 40 per cent.
To facilitate comparison between the primary and the multiple reflection amplitudes, the distance introduced by the extra bounce in the water layer has been subtracted from the ranges of each of the multiple shots (S2 and S;). Likewise the extra distance due to the additional bounce in the sediment layer of the multiple reflections S; and S; has been subtracted so as to bring all the points to a common range scale. Corrections have also been made for the additional loss of amplitude due to geometric spreading along the water multiple path. Over the small range of incident angles (0 t o 30°), the reflectivity of the Figure 21 . Variation with range of the maximum peak to peak amplitude of the basement reflection.
Corrections have been made for the source directionality of 'Aquaflex' and for absorption in the sediment layer assuming Q p = 110. The extra distance introduced by the additional bounce in the water layer of the water multiple arrivals S, and S; and in the sediment layer for the sediment multiple arrivals S; and S; (see Fig. 19 for explanation of the ray paths), has been subtracted to facilitate comparison between profiles. Correction has also been made for the additional loss of amplitude caused by geometric spreading along the multiple paths. Broken horizontal lines indicate ranges over which high reflection amplitudes are present in the sediment multiples S; (in the top two graphs) and S; (in the bottom two graphs). Amplitude at 0 km is the mean from normal incidence profiles with arrowheads indicating one standard deviation.
water-sediment interface does not vary by more than a few per cent, so the water multiple reflection amplitudes are simply reduced by a constant factor of about 70 per cent by the extra reflection off the seafloor. The amplitudes of basement reflections at normal incidence produced by the 'Aquaflex' shots were measured off a profile recorded by an array towed behind the ship. The mean value is plotted on Fig. 21 , together with the limits indicated by one standard deviation of the measurements. Each separate profile is normalized using the normal incidence reflection amplitude.
The shape of the amplitude variation with range is remarkably consistent on all the profiles. Over ranges from 0 to approximately 4 km the corrected amplitudes remain constant within the limits of normal shot to shot variation. The amplitudes start to increase 714 R. S. White beyond 4 km range, rising steeply to a maximum of about 2% times the normal incidence value at 5.5 to 6 krn. The sediment multiple reflections S; and S; mirror this behaviour, exhibiting increases of amplitude commencing between 4 to 4.5 km range.
One class of models of the structure of the upper basement which can immediately be dismissed by comparison with synthetic seismograms are those with a velocity gradient from the sediment to the basement over half a wavelength or more (e.g. Fig. 12 ). The presence of subcritical reflected energy suggests that the transition to high basement velocities occurs over a small depth interval. Although the increase in both P-and S-wave velocities at the sediment-basement interface is probably rapid, we can also rule out the possibility that the top of the basement marks a large step in S-wave velocity at a first+order discontinuity. Unlike the synthetic seismogram of such a model illustrated in Fig. 8 , we see a marked increase in reflection amplitude at 5.5 to 6 km near the P-wave critical distance. In order that the increase of amplitude at the P-wave critical distance should remain dominant, the S-wave velocity at the top of the basement can be no more than about 1 km/s (Fig. 9) .
The presence of high amplitude shear head waves from deep interfaces (discussed below),
indicates that considerable P-to S-wave conversion takes place at the top of the basement and suggests that the S-wave velocity must increase quite rapidly. Furthermore, although no S-wave refractions could be identified from the upper basement layer due to interference with other arrivals, combination of the intercept of the shear head wave from the layer below the basement with the basement thickness determined from P-wave arrivals indicates that the mean Poisson's ratio in the basement is 0.23 +_ 0.10. If the S-wave velocity in the upper part of the basement remained as low as 1 .O km/s ( u = 0.47) for an appreciable depth, the S-wave velocity in the rest of the basement would have to be unacceptably high (low u), to give an overall mean Poisson's ratio of 0.23. The S-wave velocity must therefore increase rapidly from around 1.0 km/s to about 2.5 km/s in the topmost part of the basement (see Fig. lo ), thus satisfying both the observed reflection amplitudes and the converted shear wave travel times. Such a model seems realistic geologically, as the effects of weathering and the presence of cracks and voids in the topmost basement will lead to a shear wave gradient over a depth of some tens of metres. Laminated models of the upper basement consisting of alternately high-and low-velocity layers were not considered because the layer thicknesses have to be unrealistically large before the reflection amplitudes become distinguishable from those produced by a uniform half-space with a velocity which is the same as the overall mean of the individual layers. Although it is indeed possible that the upper part of the basement contains interlayered low-velocity sediments and rubble between the main basalt flows, the layers are probably thin and are unlikely to extend sufficiently long distances laterally to justify modelling them by homogenous layers. Furthermore, inhomogeneities within the upper basement are likely to be on such a small scale compared to the wavelength of the seismic signal (in this case over 200m), that it is impossible to model them more accurately than by adopting a representative overaU velocity.
The two remaining classes of structure, those with a uniform basement P-wave velocity (e.g. Fig. 7) , and those with a positive velocity gradient (e.g. Fig. 1 l) , exhibit similar variations of reflection amplitude with range and so cannot be distinguished on the basis of their reflections alone.
The synthetic model studies in Section 1 indicate that the maximum reflection amplitude is offset about 1 km beyond the ray-theoretical critical distance for the particular interface depth, velocity contrast and frequency of the 'Aquaflex' profile. The position of the amplitude maximum at a range of 5.5 to 6 km defines the uppermost basement velocity as 4.3 to 4.5 km/s. 
' A Q U A F L E X ' P R O F I L E : P-WAVE R E F L E C T I O N T R A V E L T I M E S
Strong refractions were recorded by both sonobuoys out to the maximum range of 35 km (Figs 17 and 18 ). Corrections were made to the observed travel times for variations in the basement topography beneath the shots using a normal incidence reflection profile produced by the 'Aquaflex' shots, supplemented over most of the line by the more detailed airgun profile number 1 (Fig. 15) . The depth of the basement was calculated at the offset distance from the source at which the ray entered it (e.g. the offset is 1.5 km where the basement is buried beneath 1 km of sediment for the ray refracted along a 6.91 km/s layer). Travel-time corrections were made assuming that the deep structure was conformable with the top of the basement. This yields a correction time, A t , for refractions of (9) where V, is the velocity above the irregular basement layer, V, is the refraction velocity, and Ah is the difference between the basement depth and the reference depth beneath the receiver. Correction to the depth of just under 1 km of sediment recorded beneath the sonobuoys (Table 1, Fig. 15 ), resulted in values of At between -0.08 and tO.15 s and significantly reduced the scatter of observed travel-time points.
The corrected time-distance plot ( Fig. 22 ), indicates that P-wave arrivals fall into two main groups which can be fitted by two straight lines. A least-squares fit to the combined data from both sonobuoys at ranges less than 16 km yields a P-wave refraction veIocity of 5.26 5 0.21 km/s. Arrivals at ranges greater than 20 km fa11 on a straight line with a P-wave velocity of 6.91 f 0.10 km/s, which is typical of oceanic layer 3.
Between 16 and 20 km the first arrival energy moves forward in time, giving an apparent decrease in the travel times of over '/3 s (Fig. 22) . This cannot be explained by structure under the shot points, for which corrections have already been made, but is due to the sonobuoys drifting over a step in the basement. Both sonobuoys underwent a short period 
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R . S. White of rapid drift which caused considerable hydrophone noise on sonobuoy 6 (between 16 to 20 km on the record section in Fig. 18 ), preventing observation of any seismic arrivals for about half an hour. The sonobuoy drift took them over a basement high, probably a fault block, covered by only about 0.2 km of sediment. For the remainder of the 'Aquaflex' profile (from 20 to 35 km range), the basement depth beneath the sonobuoys remained constant. The 'Aquaflex' profile was not sufficiently long to observe a break to a higher first arrival refraction velocity than 6.91 km/s, so it is not possible to calculate the thickness of layer 3. Relatively high amplitude second arrivals which appear directly after the layer 3 refractions towards the end of the profile (Fig. 18) probably come from an interface below layer 3, but interference effects prevent determination of their velocity. We can, however, estimate the minimum thickness of layer 3 by assuming that it is underlain by mantle with a normal velocity of 8.1 km/s and that the high amplitude arrivals would become first arrivals immediately beyond the limit of our profile; this yields a minimum layer 3 thickness of 3.7 km.
' A Q U A F L E X ' P R o F I L E : P-w A v E R E F R A C T I O N A M P L I T U D E S
True amplitude record sections of the layer 2 refraction (Fig. 23) , indicate that the head wave amplitudes are considerably greater than those produced by uniform velocity layers. The synthetic seismogram of a simple step model (Fig. 24) exhibits vanishingly small head waves with the bulk of the energy in the reflected phases. To move the energy into the refracted arrivals it is necessary to insert positive velocity gradients beneath the refracting interfaces, as demonstrated by the synthetic seismogram in Fig. 25 . The layer 2 refractions are not observed as first arrivals over a sufficiently great distance to be able to deduce the velocity gradient from the rate of decay of amplitude with range. The best upper constraint which can be placed on the velocity gradients is derived from the fact that a straight line least-squares fit of the travel times between ranges of 11 to 15.5 km must yield the same mean velocity (of 5.26 kmls), and the same intercept time as the observed data over the same interval. Velocity gradients which are too great will give a curved refractor which cannot be accommodated within the travel-time errors of the measured arrival times. This method suggests that the maximum permissible velocity gradient in the lower part of layer 2 is about 0.7/s.
The layer 3 P-wave refractions are observed as first arrivals over ranges from 20 to 35 km, which is sufficient to estimate the velocity gradient from the rate of change of amplitude with range (cerven$ & Ravindra 1971). If absorption is ignored, velocity gradients of 0.03 to 0.06/s satisfy the trend of the measured amplitudes. It is impossible to separate the effects of absorption and velocity gradients, and few determinations have been made of absorption in the oceanic layer. Hamilton (1976b) , notes that Qp probably lies between 80 and 200. If we take the worst case, with Qp = 80, maximum velocity gradients in layer 3 of 0.07 t o 0.101s are suggested.
The greatest depth of penetration of the rays which constitute the interference head wave is about 1 km for a velocity gradient of 0.10/s (Cerveni & Ravindra 1971). The amplitudes of the first arrivals do not therefore give any information about the velocity gradient beneath this depth.
' A Q U A F L E X ' P R O F I L E : S H E A R W A V E S
Prominent converted S-wave refractions from layer 3 were recorded by both sonobuoys (Fig. 22) . A least-squares straight line fit to all the arrivals from sonobuoys 2 and 6 combined (36 points), after correction for variations in basement depth using equation (9), yielded an S-wave velocity of 3.88 f 0.10 km/s. Amplitudes of the S-waves are generally high, although variable, and are of similar magnitude to the layer 3 P-wave refractions. There is probably a positive S-wave velocity gradient in layer 3 which is responsible for maintaining these large head wave amplitudes.
Combination of the P-and S-wave refraction velocities from the top of layer 3 indicate a Poisson's ratio of 0.27 f 0.03 (equation (7)), the error limits being derived by considering the highest and lowest velocity ratios at one standard deviation. This is comparable to previously reported values summarized by Christensen & Salisbury (1975) , and to more recent determinations of Poisson's ratio in layer 3: 0.27 on the Hawaiian Arch (Helmberger & Morris 1970) ; 0.31 beneath the mid-Atlantic Ridge at 45" N (Fowler 1976b) ; 0.25 in layer 3A and 0.28 in layer 3B of oceanic crust in the Banda Sea (Purdy & Detrick 1978) ; 0.31 to 0.32 in the Guadalupe Islands area (Spudich et al. 1978) ; 0.28 from an IPOD downhole seismic experiment (Stephen 1978) . These measured velocities are typical of those found in laboratory studies under suitable confining pressures on epidote-amphibolite facies of metadolerites and metagabbros, but lie outside the field of metabasalts and unmetamorphosed gabbros (Salisbury & Christensen 1978) .
If conversion from P to S wave and vice versa is assumed to occur at the top of the basement, the mean Poisson's ratio within the whole of layer 2 can be calculated as 0.23 * 0.10 from the layer 3 S-wave intercept time after correction for the change caused by sonobuoy drift. Conversion at the seafloor or within the sediments can be ruled out because this would require an unacceptably low Poisson's ratio (i.e. high S-wave velocity). It is possible that conversion occurs somewhere within layer 2, but the evidence for smoothly increasing P-wave velocity gradients makes this unlikely.
D I S C U S S I O N
The composite crustal velocity structure deduced from the variable angle profiles is depicted in Fig. 26 . Solid lines show the velocity structure where it is known with some confidence. All that can be concluded about the remaining 'hidden' depths is that they contain no major acoustic interfaces, since the seismic record sections do not exhibit any large amplitude arrivals that are unexplained by the illustrated structure.
The seismic velocity of the sediment overlying the basement increases downwards from about 1.6 km/s at the seafloor with a gradient of approximately l.l/s. Such a velocity gradient is typical of compacting turbiditic oceanic sediments (Section 1.1.4) and is due largely to the decrease in porosity with depth caused by increasing overburden pressure. Slightly over 2000 m of sediment would have been required for compression to the presentday thickness of 1000 m. At the top of the basement the P-wave velocity increases to somewhere between 3.9 km/s (from airgun variable angle reflection times) and 4.3 to 4.5 km/s (from 'Aquaflex' variable angle reflection amplitudes). The latter determination is probably more accurate, although it is of course possible that since the measurements were in different areas they reflect truly different values. The presence of strong basement reflections at normal incidence indicates that the transition from sediment to basement P-wave velocities occurs over less than about half a wavelength (i.e. less than 70 m), but it is impossible to resolve the detailed P-wave velocity structure within this transition zone.
The maximum permissible S-wave velocity at the interface between sediment and basement is of the order of 1 km/s since we observe an amplitude high near the P-wave critical distance. There must, however, be a rapid increase of velocity with depth to account for the mean Poisson's ratio of 0.23 within layer 2 and to facilitate conversion of a considerable amount of transmitted energy from P to S wave. Measurements of V, and V, on basalts recovered from layer 2 in the Atlantic and Pacific oceans by Christensen & Salisbury (1973) , suggest that submarine weathering may markedly lower the velocities in the uppermost part of the basement. They report rates of change with age which would lower the P-wave velocity by 2.3 km/s and the S-wave velocity by 1.6 km/s in the 110-Myr age of the crust over which our profdes were obtained. If, as seems probable on this old crust, the weathering extends many tens of metres into the basaltic basement, it provides a good explanation for an S-wave gradient from about 1 km/s at the topmost surface to a normal value of about 2.6 km/s (derived from V, = 4.4 km/s with u = 0.23), at the base of the weathering. As noted above, the concomitant velocity gradient in the P-wave structure would be unresolvable from the reflection amplitudes.
About 600 to 700 m into the basement there is a discontinuity in the seismic properties which gives rise to variable angle reflections. The travel times of the reflections indicate that there is a positive velocity gradient in the upper basement, although it is poorly constrained. We can only speculate on the geologic nature of the upper layer, but it seems plausible that it should represent the upper extrusive portion of layer 2, below which lie metamorphosed and brecciated dykes. Herron et al. (1 978) have reported similar continuous reflecting horizons from within layer 2 on their processed multichannel seismic profiles across the crest of the East Pacific Rise. This layer may represent the seismic layer 2A recorded by Houtz & Ewing (1976) , in young crust, although the seismic velocity has been raised by the filling of voids and by the precipitation of cementing material such as calcite (Schreiber & Fox 1977) . In DSDP hole 417D, which was drilled in the North Atlantic in crust of similar age to that of our survey, the uppermost few hundred metres of basement was found to consist of brecciated basalt with initially open fissures and voids created by flow breccias, drained pillows and tubes filled with sediment and cemented by calcite (Bryan et al. 1977) . The upper basement layer observed on our profiles probably has a similar lithology.
Directly beneath the upper basement layer the P-wave velocity increases with depth with a gradient which is constrained by our first arrival travel times from layer 2 as less than 0.7/s. The refraction velocity from the upper part of this gradient (recorded as 5.26 km/s on our profile) is typical of those classified as layer 2B by Houtz & Ewing (1976) . These authors also note that on young crust the layer 2A/2B interface is well defined by strong refractions from layer 2B, strengthening our contention that our uppermost basement layer is a remnant of an earlier, lower velocity layer 2A. The cause of the sharp increase in seismic velocity at the top of layer 2B is uncertain, although possible explanations are that it is due to the absence of sedimentary material or rubble which is typical of the overlying layer 2A or that the layer 2A/2B interface may represent the top of an intrusive dyke layer composed of metadolerites.
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If the same velocity gradient is maintained throughout the lower basement layer, the Pwave velocity at the bottom rises to about 6.3 km/s. Typical layer 2C velocities recorded intermittently by Houtz & Ewing (1976) are probably derived by sampling the lower part of this velocity gradient. The downwards increase in velocity may be due to a reduction in bulk porosity caused by a decrease in the density of voids caused by cracks (Stephen 1978; Whitmarsh 1978) .
At the base of layer 2 a marked increase in velocity must occur to account for the prominent refractions observed from layer 3, both in this area and in almost. all other oceanic regions. A marked change in slope is often present where the layer 3 refractions appear as first arrivals, suggesting that there is a fairly rapid increase in P-wave velocity at the layer 2/layer 3 interface. To the author's knowledge, however, no reflections near normal incidence have been reported from this interface, even on multichannel processed records, although reflections from deeper horizons such as the MohorovoEiL discontinuity are frequently observed. A possible explanation for the paucity of reflected energy near normal incidence from the top of layer 3, despite the prominent refraction, is that the velocity increases from that typical of the base of layer 2 over more than a wavelength, thus producing small pre-critical reflection amplitudes (cf Fig. 12 ).
Amplitude studies of the layer 3 P-wave refraction suggest that there is a velocity gradient of less than 0.10/s in the upper kilometre of the oceanic layer. If this velocity gradient were maintained over the entire probable thickness of layer 3 (4 km), it would result in a P-wave velocity at the base of 7.2 km/s which is typical of reported layer 3B velocities. Helmberger (1977) , has successfully modelled oceanic layer arrivals in the Aleutians using a velocity gradient of about 0.2/s. Linearized 'tau' inversions of observed travel times from profiles in the North Pacific suggest mean velocity gradients over the whole of layer 3 of 0.15 to 0.2/s (Kennett & Orcutt 1976; Kennett et al. 1977) .
A well constrained S-wave velocity of 3.88 km/s in layer 3 was measured from wave converted at the top of the basement. This yields a Poisson's ratio in layer 3 of 0.27, from which we infer that the upper part of layer 3 comprises metadolerites or metagabbros.
The velocity structure beneath layer 3 could not be determined because the 'Aquaflex' profile was insufficiently long. A minimum Moho depth of 13 km can be estimated from first arrival times if the mantle is assumed to have a P-wave velocity of 8.1 km/s.
Conclusions
The reader is referred to Section 1.5 for a summary of the effects that variations in basement structure have on synthetic seismograms and to Section 2.9 and Fig. 26 for a summary of the results of the variable angle experiments reported in Section 2.
The major points demonstrated by the synthetic seismograms are:
(1) The variation with range of the pre-critical reflection amplitudes are diagnostic of the detailed nature of the transition in seismic velocities at the top of the oceanic basement.
(2) Variable angle reflections are negligibly affected by, but head wave amplitudes are highly sensitive to, velocity gradients within the basement.
(3) Maximum amplitudes of the reflected waves are offset beyond the ray-theoretical critical distance by an amount dependent on the velocity contrast and depth of the reflector and on the frequency of the incident wave.
(4) At first-order discontinuities with large impedance contrasts, such as the top of layer 2, inclusion of the S-wave velocities in synthetic seismogram models has a dramatic effect on the P-wave reflection amplitudes, and may even cause an amplitude minimum to occur near the P-wave critical distance. This amplitude behaviour is not observed experimentally, but normal high P-wave reflection amplitudes near the critical distance may be restored in the synthetics by replacing the first-order discontinuity in S-wave velocities by a transition zone which may be considerably less than a wavelength in thickness.
The major results arising from the experiment reported in Section 2 are:
(a) The variation with range of the variable angle basement reflections constrain the P-wave velocity at the top of the basement as 4.3 to 4.5 km/s and suggest that the S-wave velocity increases with depth over a thin transition zone as noted in (4) above.
(b) The P-wave velocity in layer 2 increases downwards with a maximum velocity gradient of 0.7/s. Wide angle reflections are recorded from 600 to 7 0 0 m sub-basement and it is suggested that these may be produced by a discontinuity marking the base of a former layer 2A.
(c) Seismic layer 3 contains a maximum velocity gradient of 0.1 /s and has a Poisson's ratio of 0.27 f 0.03.
This analysis demonstrates that combination of travel time and amplitude information from closely spaced reflection and refraction arrivals enables a well-controlled velocity model of the upper oceanic crustal structure to be developed. The final model consists neither of uniform velocity layers, nor of a completely smooth velocity gradient, but rather comprises a series of velocity gradients separated by several abrupt steps in acoustic properties which mark important lithologic or structural changes.
